Temperature-sensitive (ts) mutants of human adenovirus type 31 were able to complement adeno-associated satellite virus (AAV) antigen production in both HEK and KB cells at both permissive and non-permissive temperatures. However, mutant ts 94, an adenovirus 31 mutant which produces apparently normal amounts of structural protein and DNA but is defective in maturation, was significantly inhibited in its ability to potentiate AAV infectivity at the non-permissive temperature. Normal AAV DNA and adenovirus DNA were isolated from co-infections with AAV and mutant ts 94 at the non-permissive temperature. We suggest that an adenovirus-coded maturation function common to both adenovirus and AAV maturation is defective in the ts 94 system.
INTRODUCTION
Adeno-associated satellite viruses (AAV) represent an extreme case of virus defectiveness. By themselves, they are unable to replicate. Adenoviruses can function as complete helpers for AAV replication, resulting in production of infectious satellite viruses (Mayor, I973)-Results of experiments carried out by Ito & Suzuki (I97o) and Mayor &Ratner 0972), using temperature-sensitive (ts) mutants of highly oncogenic human adenovirus type 3I, defective in virus DNA synthesis, as helpers, showed that replication of adenovirus DNA per se was not necessary for the potentiation of infectious AAV. In a subsequent study, Mayor &Ratner (I973) showed that DNA-negative mutants (such as the ts I3 mutant of adenovirus type 30 were effective tools in isolating infectious AAV DNA from systems co-infected with AAV and ts I3 in the absence of contaminating adenovirus DNA.
More recently Handa, Shiroki & Shimojo (I975) have examined the ability of other DNA-negative ts mutants of human adenoviruses type I2 and 5, to potentiate the growth of AAV. They found that all the mutants tested were able to support growth of AAV type I at the non-permissive temperature. A similar result with two DNA-negative ts mutants of adenovirus type 5 has been reported by Straus, Sebring & Rose (I976) .
Here we report the results of our studies on the complementation of AAV growth with selected mutants of adenovirus type 3 I, in our continuing attempts to determine whether certain specified adenovirus functions are necessary for AAV growth and maturation. 
METHODS
Tissue culture and viruses. Human adenovirus type 31, wild type (WT3I), and its temperature-sensitive mutants ts 7, 9, 13, 38 and 94 were obtained from Dr H. Shimojo, Institute of Medical Science, University of Tokyo. These mutants, which replicate in human embryonic kidney (HEK) cells at 34 °C but not at 4 ° °C, fall into eight complementation groups (Suzuki, Shimojo & Moritsugu, 1972) . Members of the following groups were available to us.
Group I : ts 13, a mutant defective in virus DNA replication and production of capsid proteins. This mutant can potentiate replication of mature infectious satellite viruses at the non-permissive temperature (Ito & Suzuki, 197o) and h3s already been studied by us (Mayor &Ratner, 1973) .
Group III: ts 98, a mutant demonstrating decreased virus DNA synthesis and decreased hexon, penton base and fibre production.
Groups IV and V: ts 7 and 9, mutants are not defective in virus DNA synthesis, but are defective in synthesis of fibre and hexon, but not penton base.
Group VI : ts 38, a mutant defective in fibre synthesis, but not in virus DNA synthesis. Group VIII: ts 94, a mutant which is not defective in virus DNA replication or capsid protein production. It is probably defective in some maturation functions.
Stocks of WT31 and its mutants were prepared by propagation at 34 °C in HEK tissue culture. Titres at the permissive temperature ranged from IO 75 TCDso/ml for wild type virus and ts mutants 7, 9 and 13 to lO 6.5 TCDs0/ml for ts mutants 38 and 94. Mutant ts 94 had a titre of lO 2.5 TCDs0/ml at the non-permissive temperature (40 °C) indicating a small degree of leak. The other ts mutants had titres less than lO 2 TCDs0 at 4o °C. Wild type virus had a titre of IOH TCDs0 at 40 °C indicating temperature sensitivity. AAV type I [titre lO 7.4 complement fixing units (CFU)]ml] is standard in our laboratory. Bottles (I6 oz) of HEK in their 2nd passage, or KB cells in continuous passage were inoculated with AAV1 (3 CFU/cell) and each adenovirus mutant (I p.f.u./cell). After I h adsorption at 37 °C, the cells were washed to remove unadsorbed virus, maintenance medium was added and incubation continued at either the permissive temperature (34 °C) for adeno 31 mutants, or the non-permissive temperature (40 °C). After 6 h, cultures were labelled with 50/zCi of 3H-thymidine and 24 h after inoculation the monolayers were washed with ice-cold tris buffer (pH 7.2) and harvested.
Complementation experiments and immunofluorescence. Confluent coverslips of HEK or KB cells in Linbro trays were infected with AAV, or mock-infected with MEM (containing 2 ~o calf serum) and immediately infected with adenovirus WT or ts mutants. Viruses were adsorbed for I h at 37 °C and then incubation continued at 34 or 40 °C. Coverslips were harvested 24 or 48 h after infection, air dried, fixed in acetone at room temperature for IO min, dried again and stored under desiccation. For detection of AAVI structural antigens we used an indirect fluorescent antibody procedure with an immune anti-AAVI serum in guinea pigs against AAV banded twice in caesium chloride, followed by a commercial fluorescein-labelled anti-guinea pig gamma globulin prepared in rabbits. Coverslips were examined in a Leitz fluorescence microscope using dark field transmission illumination.
Companion cultures prepared in I oz glass tissue culture bottles were harvested 48 h after infection, and frozen and thawed three times before assay for AAV infectivity as described in the next section.
Infectivity titrations ofAA V in HEK cells. Cultures of HEK cells were set up in 35 × IO mm Falcon sterile plastic culture dishes. Test samples were heated at 6o °C for 15 min to inactivate infectivity of any mutant adenoviruses. Serial dilutions were prepared and o.I ml was inoculated per dish (3 dishes were used at each dilution). Each dish was co-infected with o.I ml AAV-free adenovirus 7 helper at a multiplicity of I p.f.u./cell. After I h adsorption, maintenance medium was added and incubation continued at 37 °C until well developed cytopathic effects of adenovirus replication were observed. Cultures were then frozen and thawed three times and AAV activity estimated by complement fixation (CF).
Extraction and analysis of DNA. Low molecular weight DNA was selectively extracted from control and infected cells using the SDS/I M-NaC1 precipitation technique (Hirt, I967) . Pronase (2 mg/ml, self digested for I h at 37 °C) was added Io min after treatment with SDS and maintained in the cultures until addition of 5 M-NaC1 5o min later. Following overnight refrigeration the supernatants were separated from the pellets which had formed by spinning at 12o00 rev/min for 30 min at 4 °C. The crude supernatant fractions were dialysed for 48 h against I x SSC (o'I5 M-NaC1 plus o'oi5 M-sodium citrate) with o-ooI M-EDTA, pH 7-They were then assayed for radioactivity and centrifuged to equilibrium in isopycnic CsC1 gradients of mean density 1.72I g/ml at 25 °C for 48 h at Iooooo g in the SW 5o.1 rotor of a Beckman L2-65 ultracentrifuge. The gradients were fractionated by bottom puncture as 2o-drop fractions. Samples (o'025 ml) were counted in to ml Instagel (Packard Instrument Company) using a Beckman LS 25o liquid scintillation system. The densities of fractions were calculated from measurements of refractive index. Fractions with peak radioactivity were pooled, dialysed against I x SSC and further analysed by electron microscopy and velocity sedimentation in sucrose gradients.
Neutral sucrose sedimentation. Radioactive DNA (o.2 ml) was layered on to a 4"8 ml 5 to 30 % (w/w) linear sucrose gradient in TNE (o.oI M-tris, 0"15 M-NaC1, o.ooi M-EDTA, pH 7.2) at pH 7"0 and was sedimented at 35oo rev/min in a SW 5o.I rotor for 3'5 h at 4 °C. 3H-SV4o form I and II DNAs were used as markers run in parallel gradients.
Alkaline sucrose sedimentation. DNA (0"2 ml) was made o'25 M in NaOH and layered on to 5 to 30 % (w/w) linear sucrose gradients in TNE (o.or M-tris, O'I M-NaC1, o.oor M-EDTA, pH 7"2) adjusted to pH I2. 5 with Io N-NaOH. 3H-SV4o form I and II DNAs were included as markers. DNA was sedimented at 35ooo rev/min in a SW 5o.I rotor for 3"5 h at 4 °C.
Infectious DNA assay. DNA from sucrose density gradients was assayed for infectivity in BSCI coverslip cultures in the following manner. Cultures infected I2 h previously with AAV-free SVI5 adenovirus helper were treated with DEAE dextran and the DNA samples were tested following the procedure of Boucher, Melnick & Mayor (~97r)-Controls included AAVI DNA extracted from virions and assayed as described above and cells co-infected with SVI5 and AAVI virions. AAV infectivity was assessed by the appearance of specific immunofluorescent antigens 48 h after inoculation.
Electron microscopy of virus DNA. DNA fractions were diluted to I to 2 #g/ml in a hypophase of o'I5 M-ammonium acetate and prepared for electron microscopy by the microtechniques of Mayor & Jordan (I968) . When single-stranded regions were to be visualized in duplex molecules, 33 % formamide was included in the hypophase. Molecules were captured on collodion membranes and dehydrated in absolute ethanol and isopentane. The grids were then rotary shadowed with platinum-carbon. Contour lengths were measured on photographic enlargements using a calibrated map measurer. 
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RESULTS
Complementation of AA V by ts mutants of adenovirus type 3I
AA V antigen synthesis Wild type adenovirus WT31 and all the ts mutants tested, ts 7, 9, I3, 38 and 94, were able to complement AAV antigen production as detected by immunofluorescence in both HEK and KB cells at both permissive and non-permissive temperatures. Typical patterns involving nuclear and cytoplasmic staining were observed.
Production of infectious AA V
The results of subsequent infectivity titrations in cultures co-infected with AAV and the various mutants are also shown in Table I . Adeno 31 mutant ts 94 was consistently inhibited in its ability to potentiate AAV infectivity at the non-permissive temperature in both ceil types, e.g. titres of AAV dropped Ioo-fold. Mutant ts 94 is not a DNA-negative mutant; in fact, ts 94 appears competent in all adenovirus functions which have been examined except the production of infectious virus.
Detection of AA V DNA
Caesium chloride density gradient analyses of aH-dT labelled low molecular weight DNA obtained by the Hirt procedure (Hirt, I967) from control uninoculated HEK cells which had been incubated at either permissive or non-permissive temperatures did not reveal any significant peaks of radioactivity in the density range 0"699 to 1"7oo g/ml) consistent with normal HEK cell DNA. However, single 3H-labelled peaks of radioactivity were obtained in supernatants prepared from all infected cells. These results indicated, as we have shown previously (Mayor & Ratner, 1973) , that uninfected stationary HEK cells were not actively synthesizing significant amounts of low molecular weight DNA for the duration of the 3H-dT label. Subsequent analyses in neutral and alkaline sucrose of DNA peaks from CsC1 gradients of HEK-grown adeno type 3[ mutants were performed. 3H-labelled 2IS SV4o DNA form I and I6S form II were used as markers. Mutants ts 38, 94, 7 and 9 were positive for adenovirus DNA production at the non-permissive temperature. Mutants ts 94 and ts 9 appear to be as efficient or at times even more efficient at producing adenovirus DNA at the non-permissive temperature than at the permissive temperature (Fig. I) Peak fractions from CsCI density gradients prepared from HEK cells co-infected with adenovirus 31 mutants and AAV were dialysed against I x SSC and sedimented in neutral sucrose at 35o00 rev/min for 3'5 h at 4 °C. Fractions were collected by bottom puncture and counted as described in Methods. 3H-SV4o DNA 2iS form I sedimented in fraction I4 in parallel gradients.
---, Permissive temperature 34 °C; , non-permissive temperature 40 °C. Co-infections with ts mutants 7, 9, 38 and 94 and AAVI were analysed.
possibly represents replicative intermediates of adenovirus DNA (van der Eb, I973) and sediments faster than AAV DNA which sediments slower than 3oS. Peaks consistent with the presence of adenovirus DNA were again evident in gradients prepared from cultures co-infected with the ts mutants and AAV type I (Fig. e) compounding the problems inherent in analysing co-infections of AAV and DNA-positive adenovirus mutants. These problems were not encountered in our previous studies with mutant ts I3, a DNA-negative mutant (Mayor &Ratner, I973) , when I6S AAV DNA was readily isolated at the non-permissive temperature. However, in the present study at the non-permissive temperature in coinfections with ts 38 and AAV, a reasonably homogeneous peak with I6S characteristics was isolated in both neutral and alkaline gradients. This material was shown in subsequent titrations to contain infectious AAV DNA. With mutant ts 94, a rather heterogeneous fraction with a sedimentation coefficient ranging from 2IS to lower values was isolated.
This fraction also demonstrated infectious AAV DNA in subsequent titration by immunofluorescence. Although identical multiplicities of infection for both mutant adenoviruses and AAV were used in experiments with mutants ts 7 and ts 9, it was not possible to isolate distinct peaks of AAV DNA from these co-infections. In the case of ts 9 this was no doubt due to the overwhelming amounts of adenovirus DNA present in the system at both temperatures. However, the results obtained with mutants ts 38 and ts 94 were of greater interest due to the finding ( Table I ) that in infected HEK cells better yields of specific AAV particles were obtained at the non-permissive temperature ([.5 log difference) with mutant ts 38 and significantly less AAV (z log difference) at the non-permissive temperature in co-infections with AAV and mutant ts 94. Yet in both cases approximately identical amounts of infectious AAV DNA (at the sensitivity of the DNA assay system used) were isolated from both systems at the non-permissive temperature.
Electron microscopic examination of virus particles and AA V DNA
Electron microscopic (EM) examination by negative staining revealed typical adenovirus particles in all infections at permissive temperatures. Examination at the non-permissive temperature revealed no evidence for mature adenovirus at the sensitivity of the method (approximately I o 7 physical particles/ml) in any of the infections with ts mutants. However, virus particles which appeared to be incomplete and partially assembled were seen in infections with adenovirus 3I ts mutants 38 and 94-AAV DNA isolated from co-infections with adenovirus 3I ts mutants 38 and 94 was examined in the electron microscope in the presence of 33 % formamide. DNA molecules were linear and double-stranded and markedly heterogeneous in length. In the case of both mutants, no lengths greater than unit length genomes (around I "5 #m) were observed. However, in many molecules, particularly with DNA derived from ts 94 co-infections, examination at the non-permissive temperature following alkaline sucrose sedimentation suggested foldback regions and other structural abnormalities consistent with the presence of possible inverted repeat sequences.
DISCUSSION
Infcctivity titrations performed on AAV harvests from cultures co-infcctcd with AAV and adenovirus 31 mutant ts 94 indicatc that this hclpcr is consistently inhibited in its ability to potentiate AAV infectivity at the non-permissive tcmpcraturc in both HEK and KB cells although apparently AAV DNA was isolatcd from Hirt supcrnatants, and levels of AAV capsid antigens, as dctcctcd by immunofluorcsccnce, were equivalent at both tcmpcraturcs. At least 2 logs of inhibition wcrc noted whcrcas in co-infections with either wild typc virus or thc DNA-ncgativc mutant, ts 13, identical high yields of AAV wcrc obtained at both tcmpcraturcs. Although these rcsults must bc considcrcd as prcliminary, since there is a small but significant leak at thc non-permissive temperaturc in this mutant, they arc certainly consistcnt with the possibility that a maturation factor inoperative in ts 94 at the nonpcrmissivc temperature may be involvcd also in AAV potentiation. Conscqucntly, wc are currcntly carrying out additional plaque purifications of ts 94-Wc have carricd out similar experiments to those dcscribcd here with adcnovirus type 31 ; mutants of adcnovirus type Iz were provided by Dr Nada Lcdinko, Univcrsity of Akron, Ohio. Thcse mutants arc defective in certain carly growth functions (Ledinko, 1974) . In general, yields of AAV from co-infections with adenovirus type I2 mutants wcrc lo-fold less than with adcnovirus typc 3 [ co-infcctions cvcn though the input multiplicitics of adcno-virus helper and AAV were very similar in both sets of experiments. These mutants of adenovirus type I2 would appear therefore to be less satisfactory for complementation studies.
In a previous study, Mayor &Ratner (I973) analysed the AAV DNA produced in coinfections with the adenovirus type 3I DNA-negative mutant ts I3. They isolated a doublestranded infectious linear r6S species with a modal length of I-5 #m. In the current study the infectious AAV DNA isolated from co-infections with ts mutants 38 and 94 was markedly heterogeneous. Molecules with lengths in excess of I"5 #m were not found, although there was evidence for faster sedimenting (around 2IS) DNA in the ts 94-AAV gradients. In future experiments with new plaque purified ts 94 isolates, we plan to utilize DNA-DNA hybridization (Hadidi et al. ~973) . Straus et al. (I976) analysed pulse-labelled replicating DNA molecules of AAV prepared from KB cells co-infected with a DNAnegative mutant of adenovirus type 5 (ts I25) using a modification of the Hirt supernatant technique. They found heterogeneous DNA, a significant moiety of which sedimented faster than unit length molecules. They postulated a model based on a self-priming mechanism and suggested that during replication double-stranded concatamers of AAV DNA might be produced which would be processed to unit length single strands before encapsidation. Such a scission process would imply the presence of a sequence-specific endonuclease, possibly coded for by the adenovirus helper which could achieve the required cleavage.
Ts mutant 94 appears to be deficient in certain maturation functions (Suzuki et al. I972) and it is defective in potentiating AAV infectivity. The possibility exists that this function may be adenovirus-coded. However, we have no evidence from the results reported here that, if indeed a scission process is involved in AAV maturation, this process is in any way impaired in co-infections with mutant ts 94-Although sucrose gradient fractions in regions of expected AAV DNA activity were markedly heterogeneous, electron microscopic examination showed no evidence of concatameric forms. However, the unusual configuration of the DNA isolated from these co-infections is certainly consistent with a sedimentation profile which includes a species migrating faster than the expected value of I6S for unit length molecules. In addition, in gradients prepared from adenovirus ts 94 alone at the non-permissive temperature, although a spread towards DNA sedimenting faster than 3oS was observed, there was no evidence for abnormally long adenovirus DNA molecules whose presence might have been expected if a common enzyme was involved.
Perhaps the maturation defect in AAV might be approached more constructively through a study of the capsid proteins involved. Parvovirus genomes, including AAV, appear to fall short of the information required to code for all of their structural proteins unless these proteins have extensive common sequences. If, as is the case in picornavirus systems (Jacobson & Baltimore, i968a, b) , post-translational cleavage is involved at maturation, an enzyme capable of performing this cleavage and common to both adenovirus and AAV maturation may be involved. There is evidence for the existence of 'empty' capsids as intermediates in adenovirus maturation (Sundquist et al. ~973; Anderson, Baum & Gesteland, I973) and that these contain several polypeptides which are not present in the complete virions. These investigators suggested that components of the final virion could be derived by cleavage of high molecular weight precursor proteins. A proteolytic enzyme coded by adenovirus and active late in virus maturation could be defective in the ts 94 system and absent in systems comprising AAV and herpes virus from which AAV DNA and structural proteins are isolated in the complete absence of infectious virions (Atchison, I97o; Boucher et al. I97I) . A temperature-sensitive enzyme function responsible for the conversion of 'young virions' to mature particles has been postulated for a mutant of adenovirus type 2 defective in a late function (Weber, 1976) . In the ts I3-AAV system in which the adenovirus mutant does not make virus DNA yet AAV is efficiently complemented, this enzyme could be active, not utilized in adenovirus cleavage (no adenovirus structural proteins are synthesized), and available for AAV maturation processes. We are currently investigating this hypothesis. This work was supported by grant CA 14618 from the National Cancer Institute and grant Q-398 from the Robert A. Welch Foundation.
